1. Introduction {#sec1}
===============

Limb ischemia is a severe obstruction of the arteries, and surgery is often considered, including vascular surgery, abdominal aortic aneurysm surgery, limb replantation, and arterial embolization. Although restoring blood circulation is necessary to save ischemic limbs, a large number of clinical and animal experiments show that severe limb ischemia and reperfusion not only affect the survival and functions of ischemic tissue but can also cause systemic inflammatory response syndrome (SIRS) \[[@B1]\]. SIRS affects the heart, liver, lung, kidney, and other vital organs \[[@B2]\], and all these may lead to multiple organ dysfunction syndrome (mODS) \[[@B3]\].

Although limb ischemia reperfusion-induced injury has a long history of development, the molecular mechanism remains unknown for distal organs and the treatment is very limited. Previous research showed that limb ischemia reperfusion-induced lung injury became serious when ulinastatin was used to reduce inflammatory response in an animal model \[[@B4]\]. Anesthetics have been found to affect limb ischemia reperfusion-induced injury \[[@B5]\], especially for patients with diabetes and hypertension. Myocardial ischemia surgery is needed when ischemia reperfusion damage becomes serious. Anesthesia improves the outcome of patients when life risk increases to a certain degree. Therefore, knowing the right anesthesia for such patients and an in-depth study of the associated mechanisms are very important.

Compared with other anesthetics, sevoflurane has good anesthetic effects and improves myocardial protection \[[@B6]\]. Sevoflurane improves coronary disease by reducing the activity of lactate dehydrogenase and maintains intact ultrastructure and functions of myocardial cells \[[@B7]\]. Sevoflurane preconditioning and limb ischemic preconditioning showed similar protective effects by reducing the hypoxia and injury situation induced by reoxygenation, reducing myocardial oxygen consumption \[[@B8]\] and myocardial ischemia reperfusion apoptosis \[[@B9]\]. Additionally, sevoflurane preconditioning can reduce liver injuries by preventing the production of important mediators, such as tumor necrosis factor \[[@B10]\]. However, the molecular mechanism for the functional role of sevoflurane on limb ischemia reperfusion-induced myocardial cell injury remains unclear.

LC3 is the only protein identified as membranes of autophagosomes. LC3 signaling pathways play an important role in apoptotic generation and cellular autophagy \[[@B11]\]. Autophagy has been reported to improve protecting function of sevoflurane for ischemic-induced injury \[[@B12]\]. Thus, myocardial protection of sevoflurane may affect the expression of LC3. Sirtuin 1 (SIRT1) enzyme, a kind of nicotinamide adenine dinucleotide- (NAD-) dependent protein, belongs to the third class of histone deacetylase and is associated with apoptosis \[[@B13]\]. Ischemia reperfusion is also involved in these activities and thus sevoflurane may affect the expression of SIRT1 in the disease. Further findings demonstrated that the deacetylation of endogenous LC3 by SIRT1 induced autophagy \[[@B14]\]. The molecular mechanism for the function of sevoflurane on ischemia reperfusion-induced injury was explored by investigating autophagic rates, the level of SIRT1, and acetylation of LC3.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Anti-SIRT1 antibody (ab104833), anti-LC3 antibody (ab63817), and anti-acetyl lysine antibody (ab80178) were purchased from Abcam (Abcam Shanghai office launch, Shanghai, China). Sevoflurane (H20070172) was from the Shanghai Henrui Biomedical Company (Shanghai, China). A cell death-detecting kit (11684817910) was from Roche (Indianapolis, Indiana, USA). 3-methyladenine (M9281) and nicotinamide (N0636) was from Sigma (St. Louis, MO, USA).

2.2. Animal Model Establishment {#sec2.2}
-------------------------------

SD rats (male, eight weeks, weight 200 g\~250 g) were from Wenzhou Medical College Experimental Animal Center (SCXK (Zhejiang) 2005--0019). The rats were fasted for 12 h before surgery and free for drinking water. The rats were anesthetized with 4% chloral hydrate 6 ml/kg via intraperitoneal injection. The skin was incised at the bilateral femoral triangle and the femoral artery was separated. The bilateral femoral artery was clamped for four-hour ischemia and reperfused for four hours. Intangible dorsal and pedal pulse and cool darkening feet were the characters of successful ischemia. After 4-hour incision, the clips were removed from the lower limb artery and blood flowed for 4 h. Arterial pulse recovered, and red feet gradually became warm.

2.3. Grouping {#sec2.3}
-------------

A total of 35 SD rat models with myocardial cell injury induced by limb ischemia reperfusion (male, 8 weeks, weight 200 g\~250 g) were randomly and evenly assigned into five groups according to different treatments: limb ischemia reperfusion (IRG), sevoflurane (SevG), nicotinamide inhibitor (NG), 3-MA inhibitor-treated group (MG), and NAM^+^3-MA inhibitor-treated group (NMG). Meanwhile, 7 rats were sham operated and no tightening of the coronary artery suture was performed---sham group (SG). Seven rats were used from which the femoral arteries were clamped for 30 minutes and reperfused for 5 min and repeated for three times---limb ischemia reperfusion preconditioning group (IRPG) (Figure [1](#fig1){ref-type="fig"}). Each group of rats was fed with normal diet and water for 7 days, group NG and group NMG were intraperitoneally injected with 10% nicotinamide 3 ml/kg daily, 10% nicotinamide 3 ml/kg, and 10% 3-MA 1.5 ml/kg daily, and other groups were treated with 3 ml/kg saline solution. In SevG, 2.4% sevoflurane was used in the ischemia reperfusion model.

2.4. Hematoxylin and Eosin (H&E) Staining {#sec2.4}
-----------------------------------------

H&E staining was conducted based on a previously reported study \[[@B15]\].

2.5. TUNEL Analysis for Cardiac Myocyte Apoptosis {#sec2.5}
-------------------------------------------------

The myocardial tissue (500 mg) was excised from the experimental rats. TUNEL assay was used to detect apoptotic cells under a bright-field microscope by the same expert. Cell number was counted from five different fields from different samples. The detection kit, POD apoptosis detection kit (Roche, USA), was used in accordance with the instructions. The paraffin sections of gastric mucosa were TUNEL staining and maximized 400 times under a microscope.

2.6. Transmission Electron Microscope (TEM) {#sec2.6}
-------------------------------------------

Cardiac myocytes were isolated by enzymatic digestion of ventricular tissues, purified by density-gradient centrifugation according to an earlier report. The cells were fixed with 5% glutaraldehyde and cut into sections less than 1 *μ*m. All the sections were observed by a Philips CM120 cryo-electron microscope.

2.7. RNA Extraction {#sec2.7}
-------------------

The myocardial tissue (500 mg) was excised from the experimental rats and assayed for SIRT1 and LC3 by Western blot. Myocardial tissue was grounded with pestle tissue grinders. The isolated cells were collected by rapid filtration onto glass fiber filters. Total RNA was extracted by using Takara MiniBEST Universal RNA Extraction Kit (Takara, Japan).

2.8. qRT-PCR {#sec2.8}
------------

The relative mRNA level of SIRT1 and LC3 was confirmed by qRT-PCR analysis, and GAPDH gene was used as loading control. RNA was reverse transcribed into cDNA by using PrimeScript 1st strand cDNA synthesis kit (Takara, Japan). The primers were designed as follows: SIRT1, forward primer, 5′-gttattgggtcttctctgaa-3′, reverse primer, 5′-acatcgcagtctccaagaag-3′ (140 bp); LC3, forward primer, 5′-caaagagtggaagatgtccggctc-3′, reverse primer, 5′-aggacgggcagctgcttctc-3′ (97 bp); GAPDH, forward primer, 5′-gttaccagggctgccttctc-3′, reverse primer, 5′-gttgaacttgccgtgggtag-3′ (120 bp). PCR reaction was carried out by using Takara Bio SYBR Green Master Mix on a TPSOO real-time PCR detection system (Takara, Japan): 94°C for 2 min, 45 cycles of 94°C for 20 s, 53°C for 30 s, and 60°C for 30 s. Relative mRNA levels were calculated by 2^−ΔΔT^ method.

2.9. Western Blot Analysis {#sec2.9}
--------------------------

Myocardial cells were treated with proteinase inhibitor cocktail and lysed by repeated freezing and thawing methods. Ten *μ*g proteins of every sample were separated by ten percent SDS-PAGE and transferred to a PVDF membrane. The membrane was blocked by nonfat dry milk for half an hour. The membranes were incubated with the antibodies (diluted 1 : 1000) to SIRT1 and LC3 for 10 h. With X-ray film exposure and photograph, the expression of SIRT1 and LC3 was measured using Quantity One software with the internal control of GAPDH.

2.10. Coimmunoprecipitation Analysis {#sec2.10}
------------------------------------

Myocardial cell lysates from IRG and SevG were mixed with antibodies overnight, and PureProteome Protein A/G Mix Magnetic Beads. The proteins were separated by SDS-PAGE and then transferred onto and transferred to a PVDF membrane as above mentioned. The acetylation LC3 was measured using Quantity One software with the internal control of GAPDH.

2.11. Statistical Analysis {#sec2.11}
--------------------------

ANOVA analysis was used to compare the levels of SIRT1 and LC3 from different samples by using SPSS 20.0 (IBM Corporation, Armonk, NY, USA). The *P* value will be regarded as significant if it was less than 0.05.

3. Results {#sec3}
==========

3.1. HE Staining {#sec3.1}
----------------

In SG, myocardial fibers arranged neatly, the cell boundaries were clear, and there was no or only a small amount of myocardial interstitial neutrophilic exudate cells ([Figure 2()](#fig2){ref-type="fig"}). In group IRG, there was no clear cell boundary between cells. Myocardial cells showed degraded granule and vacuole, cytoplasm rarefaction, and fractured myocardial fiber. The myocardial fiber is with more neutrophil and red blood cell infiltration. Comparatively, in SevG and IRPG, myocardial fibers arranged neatly.

3.2. TUNEL Analysis for Cell Apoptosis {#sec3.2}
--------------------------------------

TUNEL analysis indicated that low-level apoptosis was found in SG while the apoptosis rate was at the highest level in IRG, reduced in IRPG, and further reduced in the SevG group ([Figure 3](#fig3){ref-type="fig"}) (*P* \< 0.05).

3.3. Sevoflurane Induces Autophagy {#sec3.3}
----------------------------------

Present findings demonstrated that sevoflurane increased the number ([Figure 4](#fig4){ref-type="fig"}, a) and diameters ([Figure 4](#fig4){ref-type="fig"}, b) of autophagic vacuoles when compared with IRG (*P* \< 0.05). The number ([Figure 4](#fig4){ref-type="fig"}, a) and diameters ([Figure 4](#fig4){ref-type="fig"}, b) of autophagic vacuoles were lower in NG, MG, and MNG. In contrast, the number ([Figure 4](#fig4){ref-type="fig"}, a) and diameters ([Figure 4](#fig4){ref-type="fig"}, b) of autophagic vacuoles were lowest in SG (*P* \< 0.01).

3.4. mRNA Levels of SIRT1 and LC3 {#sec3.4}
---------------------------------

The qRT-PCR result indicated that relative mRNA levels of SIRT1 were the lowest in SG, increased to the highest level in SevG, reduced in IRG and IRPG, and furtherly reduced in the MG, NG, and MNG groups (*P* \< 0.05) ([Figure 5(a)](#fig5){ref-type="fig"}). The similar cases for LC3 and relative mRNA levels of LC3 were lowest in SG, increased to the highest level in SevG, reduced in IRG and IRPG, and furtherly reduced in the MG, NG, and MNG groups (*P* \< 0.05) ([Figure 5(b)](#fig5){ref-type="fig"}).

3.5. Western Blot Analysis for the Levels of SIRT1 and LC3 {#sec3.5}
----------------------------------------------------------

The effects of sevoflurane on myocardial cell injury induced by limb ischemia reperfusion were analyzed by measuring the changes for SIRT1 and LC3. Compared with SG, the level of SIRT1 was increased in the IRG group. Compared with IRG, the level was increased in SevG (*P* \< 0.05) ([Figure 6(a)](#fig6){ref-type="fig"}). Compared with SevG, IRG, and IRPG, the expression of SIRT1 was further reduced in the NG, MG, and NMG groups (*P* \< 0.05). For LC3, there were bands about 18 kDa (LC3 I) and 16 kDa (LC3 II). LC3 I ([Figure 6(b)](#fig6){ref-type="fig"}) was lowly expressed when compared with LC3 II ([Figure 6(c)](#fig6){ref-type="fig"}). The protein level of LC3 I was highest in SG and lowest in MG, NG, and MNG (*P* \< 0.05). Just as the expression of SIRT1, relative protein levels of LC3 II were lowest in SG, increased to the highest level in SevG, reduced in IRG and IRPG, and furtherly reduced in the MG, NG, and MNG groups (*P* \< 0.05) ([Figure 6(c)](#fig6){ref-type="fig"}).

3.6. Sevoflurane Reduces Acetylation of LC3 by Increasing SIRT1 for Autophagy {#sec3.6}
-----------------------------------------------------------------------------

Coimmunoprecipitation test was performed to detect the binding of SIRT1 and LC3. Present findings demonstrated that sevoflurane increased the binding between SIRT1 and LC3 while the acetylation LC3 was decreased ([Figure 7](#fig7){ref-type="fig"}). The results suggest that sevoflurane reduces acetylation of LC3 by increasing SIRT1 for autophagy.

4. Discussion {#sec4}
=============

The method, femoral artery was ligated and then opened, provides a simple way for establishing a rat model with ischemic reperfusion tissues. Chen et al. use noninvasive arterial occlusion and then reperfuse to setup an animal ischemia reperfusion model \[[@B16]\]. Meanwhile, the apoptosis factor BAX was found to be upregulated in the model when compared with a control. The present study also used this method to establish a rat model with hind limb ischemia reperfusion. After femoral artery occlusion, rat paws became cold and turned purple, suggesting that the limb ischemia model was successfully established. The bilateral femoral arteries were occluded and reperfused, and myocardial cells showed granular degeneration, vacuolar degeneration, osteoporosis, transparent cytoplasm, break muscle fibers, more myocardial interstitial neutrophils, and red blood cell infiltration ([Figure 2](#fig2){ref-type="fig"}). Apoptosis was detected in all models and reduced by sevoflurane, SIRT1, and autophagy inhibitors. Apoptosis is an important character of the ischemia reperfusion model \[[@B17]\]. All the results suggested that limb ischemia reperfusion was successfully established.

Ischemia reperfusion is involved in many factors and processes for its induced injury, generally including energy metabolism \[[@B18]\], overload calcium \[[@B19]\], oxygen-free radicals \[[@B20]\], and leukocyte-mediated inflammation \[[@B21]\]. In limb ischemia with a long time, organs will consume large amounts of ATP, which promotes the conversion of xanthine dehydrogenase to xanthine oxidase. Blood flow is restored after limb ischemia, and thus, tissue oxygen supply is increased and more oxygen is utilized. Thus, a large amount of oxygen-free radicals will be produced because of the action of xanthine oxidase. They are transferred through the bloodstream to distant tissues and organs, and cause lipid peroxidation damage and apoptosis except for causing limb ischemia reperfusion injury. In this way, some distant organs are affected, resulting in a kind of indirect damage.

Limb ischemic preconditioning alleviates ischemia reperfusion injury, improves tolerance of ischemia, and delays or reduces subsequent longer ischemia reperfusion injury. Limb ischemic preconditioning can promote the release of a variety of endogenous active substances, such as adenosine, NO, endorphin, inhibiting neutrophil chemotaxis \[[@B22]\], and superoxide anion production \[[@B23]\].

SIRT1 is histone deacetylase dependent on NAD. In ischemia reperfusion, CL3 will be deacetylated by SIRT1 and increase myocardial autophagy and apoptosis. Present findings demonstrated that with the use of sevoflurane, and or preconditioning, the levels of myocardial SIRT1 were increased, resulting in the increase of myocardial autophagy. Therefore, sevoflurane reduces the damage caused by limb ischemia reperfusion and increases the antioxidant capacity of the myocardium, inhibits the inflammatory response, and protects the myocardium by increasing autophagic rates ([Figure 4](#fig4){ref-type="fig"}). The present study confirmed that the cardioprotective effect of sevoflurane by increasing the autophagic activities via the increase in the level of deacetylated LC3 ([Figure 8](#fig8){ref-type="fig"}). More importantly, cardiac failure may be associated with abnormal protein aggregates \[[@B24]\], and the enhanced level of autophagy will show cardiac-protective function and acts as a dynamic degradation and recycling system, which offers biological material and energy during the responding oxidant stresses \[[@B25]\].

There were some limitations for the present study. Protein aggregates were not confirmed in the present study and the theory was based on previous reports. The relationship between antioxidant and autophagic activities were not measured. Myocardial cells that underwent autophagic activities seem quite different from those with apoptosis process, and even the autophagic activity can control apoptosis in some cases. Further work is still needed to confirm the protective functions of sevoflurane for myocardial cell injury in more clearer molecular mechanisms in the future.

5. Conclusion {#sec5}
=============

Limb ischemia and reperfusion increase SIRT1 and LC3 expression in rat myocardial tissues. Sevoflurane mitigates the limb ischemia reperfusion-induced injury by inducing myocardial autophagy via the increase in the concentrations of SIRT1 and deacetylated LC3.
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![Study flowchart. SD rat models with myocardial cell injury (male, 8 weeks, weight 200 g\~250 g) were divided into 7 groups: sham-operated group (SG), limb ischemia reperfusion group (IRG), limb ischemia reperfusion-preconditioning group (IRPG), sevoflurane-treated group (SevG), nicotinamide inhibitor-treated group (NG), 3-MA inhibitor-treated group (MG), and NAM^+^3-MA inhibitor-treated group (NMG).](ACP2017-6281285.001){#fig1}

![HE staining analysis for cellular morphology in different groups (magnification 400x). The staining intensity was presented as mean values ± S.D. ^∗^*P* \< 0.05 via SG, *n* = 7. ^∗∗^*P* \< 0.01 via SG.](ACP2017-6281285.002){#fig2}

![TUNEL analysis for cellular apoptosis in different groups (magnification 400x). The apoptotic rates were presented as mean values ± S.D. ^∗^*P* \< 0.05 via SG, *n* = 7. ^∗∗^*P* \< 0.01 via SG.](ACP2017-6281285.003){#fig3}

![Myocardial cells were observed by transmission electron microscopy (×6000). (a) The number of autophagic vacuole in one cell. (b) The diameters of autophagic vacuole. All data were represented as mean values ± S.D. ^∗^*P* \< 0.05 via SG and ^∗∗^*P* \< 0.01 via SG, *n* = 7.](ACP2017-6281285.004){#fig4}

![Real-time analysis for mRNA levels of SIRT1 and LC3 in different groups. (a) Relative mRNA levels of SIRT1. (b) Relative mRNA levels of LC3. All data were represented as mean values ± S.D. ^∗^*P* \< 0.05 via SG, *n* = 7.](ACP2017-6281285.005){#fig5}

![Western blot analysis for protein levels of SIRT1 and LC3 in different groups. (a) Relative protein levels of SIRT1. (b) Relative protein levels of LC3 I. (c) Relative protein levels of LC3 II. All data were represented as mean values ± S.D. ^∗^*P* \< 0.05 via SG, *n* = 7.](ACP2017-6281285.006){#fig6}

![Sevoflurane increased deacetylation of endogenous LC3 by increasing the level of SIRT1. The binding of SIRT1 to LC3 and acetylated LC3 were detected by using coimmunoprecipitation assays and Western blot.](ACP2017-6281285.007){#fig7}

![Autophagy pathway of SIRT1/LC3.](ACP2017-6281285.008){#fig8}
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